Abstract Evidence indicates that repeated-bouts of eccentric exercise (EE) do not exacerbate the extent of muscle damage indices, as compared to a single-bout. We hypothesized that molecular adaptations, under repeatedbouts of EE, would include suppression of muscle repair inhibitory factors such as myostatin and up-regulation of muscle repair positive regulatory factors such as myogenic regulatory factors (MRFs). Fifteen males were recruited for this study. The exercise group (n = 9) successfully completed six sets of 15 reps of maximum voluntary eccentric contractions, for six consecutive days, using a dynamometer (Multicont-II). Blood and muscle biopsy samples were obtained from each subject 1 week prior to exercise, 2 days post the Wrst training session, and 24 h after the last training session. Gene expression levels were determined using real-time RT-PCR. Blood samples were analyzed for creatine kinase (CK) and lactate-dehydrogenase (LDH) activity. Repeated-bouts of EE induced a large down-regulation of myostatin mRNA (¡73%) which persisted throughout the study. The responses of MRFs were mild. At day 3 only myogenin increased signiWcantly (1.9 fold) while MyoD decreased by 45%. Surprisingly, at day 7, despite the presence of muscle damage indices, all MRFs returned to the pre-exercise levels. The results of the present study showed that repeated-bouts of EE, for six consecutive days, dramatically decreased Myostatin mRNA expression but impaired the expression patterns of MRFs such that, with the exception of myogenin that showed a moderate non-sustained increase, MyoD and MYf5 response was minimal.
Introduction
It is well documented that unaccustomed eccentric exercise (EE) induces indirect indices of skeletal muscle damage such as delayed onset muscle soreness (DOMS), decreased muscle strength, and leakage of myoWbrillar proteins to the circulation (Chen 2003; Jamurtas et al. 2005; Nosaka and Newton 2002; Proske and Morgan 2001) . It has been demonstrated that these indices peak at 48-72 h and return to base levels within 7-10 days after a single bout of EE (Chen 2003; Nosaka and Newton 2002; Chen and Hsieh 2001) .
Interestingly, several studies reported that repeating a second bout of EE, at days when the indices of muscle damage were at peak or not fully restored to the basal levels, did not exacerbate the indices of muscle damage (Chen 2003; Nosaka and Newton 2002) , not even if performed for seven consecutive days (Chen and Hsieh 2001) . That is, skeletal muscle was able to adapt and avoid exacerbation of muscle damage regardless of the imposition of a second or more EE bouts. We suspected that the latter phenomenon relies partly on the ability of skeletal muscle to down-regulate inhibitory factors of muscle growth and repair.
Myostatin is one such factor to be considered, as it appears to inhibit satellite cell activation (McCroskery et al. 2003) , proliferation (Joulia et al. 2003) and diVerentiation (Joulia et al. 2003; Langley et al. 2002) . Natural mutations of the myostatin gene are responsible for the double-muscled phenotype observed in some breeds of cattle . In addition, deletion of myostatin in mice has been shown to cause a dramatic increase in skeletal muscle mass as a result of Wber hypertrophy and hyperplasia .
The potential eVects of myostatin inhibition on muscle growth have raised the question, whether exercise-induced hypertrophy is mediated partly by inhibiting myostatin mRNA and protein. Up to now, few studies have examined this problem and surprisingly contradictory Wndings have been published. Willoughby (2004) reported up-regulation of myostatin mRNA and protein following 6 and 12-weeks exercise-mediated hypertrophy protocols. Concomitant with myostatin up-regulation, the author reported an increase in serum follistatin regulatory gene (FLRG) and decreased activin IIb receptor. Due to the fact that FLRG has been shown to inhibit myostatin activity in vivo (Hill et al. 2002) it was suggested that myostatin activity could have been inhibited by FLRG. As one explanation, Willoughby (2004) attributed myostatin upregulation to be the result of high stress and damage, caused by the training protocol. This explanation is unlikely to be the case, because in the presence of muscle damage, one could assume down-regulation rather than up-regulation of myostatin, in order to facilitate the muscle repair process.
In support of the latter, lack of myostatin has been reported to contribute to a faster healing process and renewal of damaged Wbers (McCroskery et al. 2005) . In addition, inhibition of endogenous myostatin in mdx-mice signiWcantly decreased the rate of muscle damage but increased muscle strength and mass (Bogdanovich et al. 2005) .
Damaged muscle repair is exclusively accomplished by satellite cell (SCs) activation, proliferation, and fusion (as myoblasts) with damaged sections of post-mitotic myoWbers. SCs are mitotically quiescent muscle progenitor cells, located between the basal lamina and sarcolemma of mature myoWbers (Mauro 1961) . Once activated, speciWcation of SCs to the myogenic lineage and subsequent terminal diVerentiation are critically dependent on myogenic regulatory factors (MRFs) (Megeny and Rudnicky 1995) . MRFs, beyond their role in establishing the myogenic lineage (MyoD, Myf5) and terminal diVerentiation (myogenin, Myf6) of myoblasts, also regulate the expression of several muscle speciWc genes (Li and Capetanaki 1993; Lin et al. 1991; Wentworth et al. 1991) .
Recently, researchers have focused on the alteration of MRFs mRNA expression in response to resistance exercise, but studies were mainly restricted to investigating the eVects of a single bout of exercise (Bickel et al. 2003 (Bickel et al. , 2005 Hameed et al. 2003; Psilander et al. 2003; Yang et al. 2005 ). It appears that a single bout of resistance training stimulates a transient alteration in MRFs mRNA expression and that expression generally returns to basal levels within 24 h following the exercise bout (Psilander et al. 2003; Yang et al. 2005 ). In addition, evidence suggests that the imposition of a second bout of isometric exercise results in summation of myogenic responses compared to the single bout of resistance exercise (Haddad and Adams 2002) .
Even though studies investigating MRFs and myostatin expression have utilized training protocols, which contained a high number of eccentric contractions, no study has documented either direct or indirect muscle injury after the execution of these training protocols. Consequently, the eVects of exercise-induced muscle damage on these myogenic genes were not considered. In addition, little is known about how repeated bouts of exercise aVect the expression of these myogenic genes, particularly during exercise-induced muscle damage. Given that myostatin and MRFs are of opposing myogenic importance, one could assume contrasting expression patterns during exerciseinduced damage.
Thus, the purpose of the present study was to investigate the eVects of repeated damage-inducing exercise on myostatin and MRFs mRNA expression. As such, high intensity EE was utilized with repeated bouts for six consecutive days. To our knowledge, no study has examined these genes' expression in response to repeated bouts of exercise in humans, and this is the Wrst investigation to employ purely eccentric contractions. Our prior hypothesis was that skeletal muscle, in response to repeated bouts of EE, would suppress myostatin mRNA expression and up-regulate the expression of MRFs.
Moreover, to have a better understanding of the myogenic process, we also studied the expression of MyoD, Myf5 and Ki-67 as indirect indices of myoblast proliferation, while myogenin and p21 were used as indirect indices of myoblast diVerentiation.
Materials and methods

Subjects
Fifteen healthy, untrained males [age 27.0 years (SD 10.1), weight 72.6 kg (SD 7.9), height 176 cm (SD 6.8)] were recruited for this study and randomly assigned to an experimental group (n = 9) or a control group (n = 6). None of the subjects had a history of knee injury and, at the time of the study, all were free of orthopedic abnormalities. A written consent form was obtained from all subjects before participating, and the study was approved by the Semmelweis University Research Ethics Committee. Subjects had not been involved in any resistance training for a period of 6 months prior to the study and were completely free of muscle soreness.
Resistance exercise
All subjects attended the testing lab for six consecutive days. In each session, subjects had to complete six sets of 15 single-leg maximum voluntary contractions (MVC), using their non-dominant knee extensors. These sessions lasted approximately 20 min, including rest intervals (1 min between sets). Prior to each exercise session, subjects performed a 5 min warm-up by cycling on an ergometer, followed by Wve min of stretching exercises. On days when the exercise was accompanied with a muscle biopsy, the exercise was performed prior to the biopsy and always after a morning fast. However, at days when only the exercise protocol was performed, there was no dietary control.
The eccentric exercise was performed using a custombuilt computer-controlled dynamometer (Multicont-II, Mediagnost, Budapest and Mechatronic Kft, Szeged, Hungary) calibrated each exercise day according to the instructions provided by the manufacturer. In order to increase the available range of motion without aVecting the stability of the knee joint, subjects exercised while lying in the prone position. The axis of rotation of the dynamometer was visually aligned with the axis of rotation of the knee (lateral femoral condyle). Fixing straps were placed on the ankle cuVs, thighs, and hips, to avoid unwanted forward sliding of the body during contraction. The functional range of motion (120°) was set electronically. The anatomical zero (full extension) of the knee equaled 130° for the dynamometer (start position) while 10° for the dynamometer equaled 120° of the knee joint ankle (end position). The angular velocity was also set electronically to 120°/s and the lever arm was returned, after each eccentric contraction, to the starting point with 60°/s angular velocity (thus, allowing 2 s rest between each contraction). During this period subjects were instructed to relax and prepare for the following contraction. To initiate the lever arm of the dynamometer for each contraction, the subjects had to exert 20 Nm torque. Throughout the exercise subjects were verbally encouraged to resist the rotating lever arm with maximum eVort.
Maximum average-torque (MAT) calculation
Each training day consisted of six sets of 15 repetitions. Maximum torque was collected for each repetition and the average of each set was calculated. MAT represented the average of the six sets.
Tissue collection
Skeletal muscle biopsies were taken from the middle portion of the vastus lateralis (non-dominant exercised leg) muscle under local anesthesia (1% Lidocaine) by percutaneous needle biopsy using a 5-mm Bergström biopsy needle. Muscle samples were quickly cleaned of any visible connective and adipose tissue and snap-frozen in liquid nitrogen (N 2 ). Samples were stored at ¡80°C until analysis. All biopsies were collected after a morning fast and always between 8:00 and 9:00 a.m.
Experimental design
Muscle biopsies and blood samples (drawn from the antecubital vein) were taken as indicated in Fig. 1 . Pre-exercise muscle biopsies and blood samples were taken from all subjects 1 week before starting the exercise protocol. At day 1, subjects had their Wrst exercise bout that was then performed for six consecutive days. At day 3 after completing the third-day exercise, blood and biopsy samples again were collected. The Wnal biopsies and blood samples were taken 24 h after completing the 6th-day of exercise at day 7.The same timeline protocol was followed by the control subjects, with the exception of the resistance exercise.
RNA isolation
Using Tri Reagent (T9424 Sigma Aldrich), RNA was isolated from each sample according to the manufacture's protocol. BrieXy, each tissue was homogenized in 1 ml Trireagent (Heidolf homogenizer) and the homogenate was centrifuged at 12,000g for 10 min at 4°C (note that this was an additional centrifugation in order to remove insoluble material from the homogenate, as by its nature, muscle tissue is rich in extracellular membranes). Thereafter, the clear supernatant was stored for 5 min at room temperature to permit complete dissociation of nucleoprotein complexes. Next, each homogenate was supplemented with 0.2 ml chloroform and the resulting mixture was stored at room temperature for 15 min. The mixture was then centrifuged at 12,000g for 15 min at 4 C for phase separation. The aqueous phase, which contains exclusively the RNA, was then transferred to a fresh tube and precipitated by mixing with 0.5 ml of isopropanol. Samples were stored at room temperature for 10 min and then centrifuged at 12,000g for another 10 min at 4°C. After precipitation, the supernatant was removed and RNA pellets were washed with 75% ethanol. Samples were then centrifuged at 7,500g for 5 min at 4°C, ethanol was discarded, and RNA pellets were brieXy air-dried for 10 min. Finally, by adding 20 l distilled water, the RNA pellets were solubilized at 64°C for 2-3 min. The concentration and purity of the RNA was measured from each sample (1 l RNA) using a NanoDrop ® ND-1000 Spectrophotometer by measuring the absorbance at 260 (OD 260 ) and 280 (OD 280 ) nm. The average OD 260 /OD 280 ratio was 1.63, with a range of 1.46-1.86. Thereafter, the RNA integrity was assessed in randomly chosen samples, using agarose gel electrophoresis, by visual inspection of the 28S rRNA and 18S rRNA bands. In those samples, the 28S rRNA band was approximately twice as intense the 18S rRNA band indicating that the RNA was intact. RNA was stored at ¡80°C.
Reverse transcription reaction-cDNA synthesis
Two micrograms of RNA from each sample were reverse transcribed in a total volume of 40 l. Reverse transcription reaction mixture [4 l of 10£ reverse transcription buVer, 8 l of MgCL 2, 4 l of dNTP, 2 l of random primers, 1 l of rRNasin, 1 l of MuLV reverse transcriptase] was incubated at 45°C for 50 min, heated at 90°C for 10 min in order to stop the reaction, and then quick-chilled at ¡80°C for 10-20 min. cDNA samples were stored at ¡20°C for subsequent RT-PCR analysis.
Real time quantitative RT-PCR
The ABI Prism 7000 Sequence Detection System (Applied Biosystems) was used to quantify mRNA expression for each gene. The real time RT-PCR reaction mixture consisted of 2 l of cDNA, 1.3 l primer, 12.5 l of TaqMan universal PCR master mix, and 9.2 l RNase-free water for a total volume of 25 l. In each reaction, four negative controls without cDNA (2 consisted of water alone, and 2 consisted of water plus TaqMan universal PCR master mix) were also run to ensure that the signal was resulting from cDNA. The ampliWcation proWle involved an initial step at 50°C for 2 min, a second step at 95°C for 10 min, and was then followed by 40 cycles at 95°C for 15 s and at 60°C for 1 min. All reactions were set up in duplicate and repeated once.
Analyses of the real-time quantitative PCR data were performed using the comparative threshold cycle [Ct] method as suggested by Applied Biosystems (User Bulletin #2). Ct values are deWned as the PCR ampliWcation cycle in which the reporter signal is greater than the minimal detection level, and Ct is inversely related to the relative abundance of a particular transcript. During PCR, the template DNA quantity doubles at each cycle. Therefore, the target quantity X target at threshold cycle Ct is given by:
The relative expression of diVerent mRNAs was determined by relative quantiWcation CT = C T target ¡ C T -actin, where -actin represents the reference housekeeping gene.
Pairs of primers and TaqMan probes were designed by Applied Biosystems (inventoried TaqMan ® gene expression assays). These assays are designed to amplify the target cDNA without amplifying genomic DNA. All assays were purchased from Applied Biosystems and assay IDs are given in parenthesis below:
(MyoD1 (Hs00159528_m1); Myogenin (Hs00231167_m1); Myf5 (Hs00271574_m1); Myostatin (Hs00193363_m1); p21 (Hs00355782_m1); Ki67 (Hs00267195_m1); -actin (Hs00242273_m1)).
Housekeeping gene
Recent evidence suggests that, following high intensity eccentric exercise, the most stable expressed housekeeping genes are -actin and 2M (Mahoney et al. 2004 ). The expression of -actin, as an internal standard housekeeping gene, was utilized. In the present study the housekeeping gene and the target gene were not co-ampliWed in the same reaction, but they were ampliWed in two separate reactions for the same sample.
CK and LDH
Approximately 10 ml of blood were drawn from the antecubital vein and analyzed by a Hitachi 902 clinical chemistry analyzer. CK and LDH kits were purchased from Diagnosticum Zrt and Dialab Kft (Budapest, Hungary), respectively.
Statistical analysis
Mean and SD were calculated for each variable. Normality tests, Shapiro-Wilk's W test, were performed for all dependant variables. All variables, with the exception of MAT, were analyzed by Friedman ANOVA (a non parametric test alternative to repeated measures of ANOVA), since the variables of interest were not normally distributed, followed by the Wilcoxon Matched Pairs Test as a post hoc test, when appropriate. The between group comparisons (exercise vs. control group) were performed by MannWhitney U test. MAT was analyzed with repeated measures of ANOVA, following by a ScheVe test. Statistical signiWcance was accepted at P < 0.05 for all tests. Statistical tests were performed using STATISTICA 7 software package.
Results
Myogenic regulatory factors
The mRNA expression for MyoD decreased signiWcantly by 45% (P = 0.03) at day 3 after three bouts of EE (Fig. 2a) , while myogenin mRNA (Fig. 2b) increased signiWcantly by 1.9 fold (P = 0.02), compared to the pre/exercise values. The mRNA expression for Myf5 was not signiWcantly changed at any time (Fig. 2c) . The mRNA expression for all MRFs had returned to the pre/ex levels by day 7. No signiWcant changes were observed in the control group at any time. Compared with the control group, at day 3, the exercise group had signiWcantly lower MyoD (P = 0.01) and greater myogenin (P = 0.01) mRNA expression (Fig. 2) .
Markers of proliferation and diVerentiation
The mRNA expression for Ki-67 gene, a marker of active cell proliferation, increased signiWcantly by day 3 (2.4 fold, P = 0.01) and by day 7 had signiWcantly increased further (12.1 fold, P = 0.007) (Fig. 3b) . On the other hand the mRNA expression for p21 and myogenin, markers of cell diVerentiation, increased signiWcantly only at day 3 by 4.1(P = 0.007) and 1.9 fold, respectively (Figs. 3a, 2b) . At day 7, after six consecutive days of EE, both had returned to the pre/ex levels. No signiWcant changes were observed in the control group at any time. Compared with the control group, the exercise group had signiWcantly greater p21 (P = 0.001) and ki-67 (P = 0.007) mRNA expression at day 3 and day 7 respectively (Fig. 3) .
Myostatin
The mRNA expression for myostatin, a repressor of skeletal muscle, decreased signiWcantly by 74% (P = 0.007) at day 3 and by 72% (P = 0.01) at day 7 (Fig. 4) .
No signiWcant changes were observed in the control group at any time. Compared with the control group, the exercise group had signiWcantly lower myostatin mRNA expression at day 3 (P = 0.002) and day 7 (P = 0.007).
Indirect markers of muscle damage
MAT was signiWcantly decreased (P < 0.006) between day 2 and day 5 compared to the Wrst training session. At day 6, MAT recovered signiWcantly from day 3 (P = 0.007) and was not signiWcantly diVerent from the Wrst training value (Fig. 5) .
Serum CK and LDH activities were signiWcantly increased throughout the study, although CK was signiWcantly greater at day 7 (P = 0.03) compared to the day 3 levels (Fig. 6) . No signiWcant changes were observed in the control group at any time. Compared with the control group, the exercise group had signiWcantly greater CK activity at day 3 (P = 0.001) and day 7 (P = 0.002) (Fig. 6a) .
Discussion
Myogenic regulatory factors
In the present study it was hypothesized that MRFs mRNA expression will increase as a result of repeated EE bouts. The hypothesis was based on MRFs crucial role in determining the myogenic lineage and diVerentiation of myoblasts and myf5 (c) mRNA expression using -actin as an internal standard. In the exercise group at day 3, MyoD mRNA (a) decreased signiWcantly (¡45.2%, P = 0.03) while the mRNA for myogenin (b) increased signiWcantly (1.9 fold, P = 0.02). The mRNA expression for myf5 (c) was not signiWcantly changed at any time. No signiWcant changes were observed in the control group at any time. Values are means, SD. * SigniWcant diVerence (P < 0.05) versus pre-exercise level, # signiWcant diVerence (P < 0.05) versus day 3, 9 signiWcant diVerence (P < 0.05) versus exercise-group. Abbreviation: (EX) and ( (Li and Capetanaki 1993; Lin et al. 1991; Wentworth et al. 1991) .
At day 3, following three consecutive bouts of EE, a signiWcant up-regulation of myogenin mRNA was observed. Coincidently with myogenin up-regulation, a signiWcant MyoD mRNA down-regulation was noted. Based on the crucial role of MyoD in myogenesis it is surprising to see MyoD down-regulation. Moreover, there was little eVect of the protocol on MRFs mRNA expression, even at day 7. There are two possible reasons that could explain the lack of increase in MRFs mRNA expression: (1) it is possible that MRFs protein expression has been regulated by post transcriptional mechanisms, or (2) MRFs mRNA expression occurred at times that were not tested in the present study. However if neither of these possibilities is the case, the low expression of MRFs observed in the present study is quite unexpected, especially, given the fact that coincidently with MRFs expression patterns, indices of muscle damage (CK and LDH activities) were observed at all measurement times. It is well documented that muscle injury in animals stimulates the expression of MRFs (Armand et al. 2003; Launay et al. 2001; Mendler et al. 1998; Yan et al. 2003) . Even though their expression time-course varies slightly among diVerent muscles and species, they do occur exclusively during the Wrst week after injury (McCroskery et al. 2005; Mendler et al. 1998; Yan et al. 2003) . In addition, resistance exercise (mechanical stimulus) has been shown to induce the expression of MRFs (Bickel et al. 2003 (Bickel et al. , 2005 Hameed et al. 2003; Psilander et al. 2003; Yang et al. 2005) and evidence also suggests that repeated bouts of resistance exercise stimulate greater responses (Haddad and Adams 2002) . Even though, in the present study we have utilized a training protocol that induces both damage and mechanical stimulus, repeated for six consecutive days, the mRNA expression of MRFs was minimal throughout the experimental period. Consequently, in contrast to our hypothesis, repeated bouts of EE impaired the expression patterns of MRFs such that, with the exception of myogenin that showed a moderate non-sustained increase at day 3, MyoD and MYf5 response was minimal.
The reason for the low MRFs mRNA expression observed by the present study is unknown, but it might be a consequence of the relatively short rest intervals (24 h) between the exercise bouts. Indeed, Haddad and Adams (2002) reported that long rest intervals (48 h) between tworepeated bouts of isometric exercise resulted in much greater myogenic responses compared to short (8 or 24 h) rest intervals. Thus, it is not unreasonable to believe that this could have been the reason for the low response of MRFs expression observed in the present study.
Myostatin
In the present study, a dramatic Myostatin mRNA downregulation (»73%) was observed at all measurement times. Myostatin acts mainly by inhibiting activation, proliferation, and diVerentiation of satellite cells (Dominique and Gerard 2006; Joulia et al. 2003; Langley et al. 2002; McCroskery et al. 2003) . In light of the latter evidence, it is reasoned that myostatin down-regulation would most probably complement increased activity of SCs. SCs, once activated start to express MRFs that are crucial in establishing the myogenic lineage (MyoD, Myf5) and terminal diVerentiation (myogenin, Myf6) of myoblasts (Megeny and Rudnicky 1995) . Consequently, it was hypothesized that suppression of myostatin would be an additional reason to expect increased expression of MRFs. Even though the expression of myostatin was dramatically decreased the hypothesis could not be supported because the expression of MRFs, with the exception of myogenin, was minimal at all measurement times. The disconnect between the MRFs response in relation to the myostatin may have resulted from impaired muscle response due to injury and/or, as noted, due to the short rest interval between the exercise bouts. In contrast to this observation, Shibata et al. (2006) reported diVerent expression patterns between myostatin and MRFs during muscle regeneration in Japanese-cattle.
In agreement with the present study, reductions in myostatin mRNA have been shown previously, following a single bout (¡56%) and after 9-weeks (¡34%) of resistance training (Kim et al. 2005; Roth et al. 2003) . In contrast, increased myostatin mRNA and protein levels were reported following 6 and 12-weeks of resistance training (Willoughby 2004) . Peters et al. (2003) also observed increased myostatin mRNA expression 30 min after a single bout of 30 eccentric contractions in rat dorsiXexors.
Myostatin is a negative regulator of skeletal muscle growth, and considering its role and function, the contradictory Wndings mentioned above are not surprising. According to "Chalones" hypothesis, organ size is regulated by speciWc negative regulators produced by a given tissue (Bullough 1965) . Myostatin could be such a chalone for muscle tissue, by which skeletal muscle regulates its growth and regeneration (McCroskery et al. 2005) . A stimulus such as resistance exercise might complement myostatin down-regulation to enable skeletal muscle to achieve optimum repair and/or growth. Once optimum growth and/ or repair have been achieved, skeletal muscle would most probably up-regulate myostatin expression in order to avoid excessive/unwanted muscle growth. Consequently, it is suggested that, depending on the skeletal muscle status, resistance exercise induces "up or down-regulation" of myostatin.
Cell proliferation and diVerentiation
Under normal physiological conditions, skeletal muscle is an extremely stable tissue with little turnover of nuclei (1-2% of myonuclei are replaced per week in rat) (Charge and Rudnicki 2004) . Consequently, at steady state, indices of cell proliferation and/or diVerentiation within the muscle are few if not absent. It has been shown previously that a single bout of resistance exercise stimulates transient upregulation of cell proliferation and diVerentiation indices (Bickel et al. 2005; Haddad and Adams 2002) . In rats, the imposition of a second bout (isometric-NEMS) has been observed to stimulate greater responses than those seen after a single bout (Haddad and Adams 2002) .
The aim of the present study was to capture the general tendency of cell proliferation and diVerentiation in response to repeated bouts of exercise. Cell proliferation, and particularly satellite cell proliferation (myoblasts) assumes that quiescent cells, resting in G0, must be activated to re-enter the cell cycle. Ki-67 is an antigen that presents in the nuclei of proliferating human cells. Its expression occurs during the phase of the cell cycle designated as late G1, S, M, and G2. However, during the G0 phase, the antigen cannot be detected and has been widely used as a putative proliferation marker, especially in relation to cancer (Endl and Gerdes 2000; Scholzen and Gerdes 2000) . In the present study the mRNA for Ki-67 increased signiWcantly after three consecutive eccentric bouts and increased even further after six bouts. This suggests two possibilities: cells within the cell cycle were preparing to enter the cell cycle S phase, since Ki-67 protein expression increases during S phase (Endl et al. 1997; Scholzen and Gerdes 2000) or/and the number of cells entering the cell cycle was increased. However, in either case, lack of MRFs expression and the fact that whole muscle tissue was analyzed, suggests that those cells represent a cell type (most probably inXammatory cells) other than skeletal muscle.
Myoblast diVerentiation assumes cell cycle arrest in the G0/G1 phase. The fact that cyclin-CDK inhibitor p21has been shown to promote cell cycle arrest in G1 and G2/M, together with the substantial role of myogenin during diVerentiation, simultaneous p21 and myogenin upregulation have been generally viewed as markers of myoblast diVerentiation.
In the present study, signiWcant up-regulation of p21 and myogenin mRNA were observed at day 3 (positively correlated), indicating that a cell population (probably myoblast derived from SCs) was initiating the diVerentiation process. Unlike at day 3, exercise continuation for three additional days did not stimulate further increases but, in contrast, p21 and myogenin returned to the pre/exercise levels. Despite the increased proliferation indices in an undeWned cell population at day 7, the fact that indirect indices of myoblast proliferation and diVerentiation were absent, was a surprise and might, therefore, indicate impaired muscle repair under repeated bouts of eccentric exercise.
Indirect markers of skeletal muscle damage
By the end of the present study, CK and LDH activities were still signiWcantly elevated compared to the pre exercise levels and only torque had recovered. Chen and Hsieh (Chen and Hsieh 2001) following a similar protocol as in the present study, reported that torque, CK, and LDH activities had returned to the pre exercise levels by the end of their study. In addition they also observed that torque deWcit, as well as the CK and LDH activities in the repeated EE bout group, were similar to those observed for a single EE bout. They concluded that repeated bouts of EE did not exacerbate muscle damage indices, but in contrast, the extent of muscle damage was identical to that seen with the single bout of EE. It should be noted that despite the similarity in exercise intensity (MVC), the present study utilized an exercise volume that was three times higher than that used by Chen and Hsieh (90 vs. 30 eccentric contractions/day).
The lack of a single EE bout group in the present study does not allow for the conclusion that muscle damage was exacerbated, because the possibility cannot be excluded that a single EE bout of the present exercise protocol could have produced the same degree of damage indices, as seen in the repeated-bout group. However, it seems that exercise volume is an important factor in determining the degree of muscle damage under repeated bouts of eccentric exercise, and this fact should be carefully considered.
Summary and additional considerations
Overall, high intensity EE performed for six consecutive days, resulted in dramatic down-regulation of myostatin mRNA expression throughout the experimental period. Evidence suggests that lack of myostatin improves muscle healing and enhances regeneration (McCroskery et al. 2005) . In addition, in the absence of myostatin, muscle regeneration was characterized with an earlier and greater expression of MRFs (McCroskery et al. 2005) . The novel Wndings of the present study were that, despite the tremendous myostatin mRNA down-regulation and the presence of muscle damage indices (CK, LDH), the expression of MRFs was minimal throughout the experimental period. The disconnect between the MRFs response in relation to the myostatin may have resulted from impaired muscle response due to injury and/or due to the short rest interval between the exercise bouts. Indeed, long rest intervals (48 h) between two-repeated bouts of resistance exercise have been shown to result in much greater myogenic responses compared to short (8 or 24 h) rest intervals (Haddad and Adams 2002) . This could have been the reason for the attenuated and/or impaired expression of MRFs observed by the present study. It might be that with a higher number of repeated bouts, as in the present study, longer rest intervals are required.
In view of the unexpected Wndings, it is important to emphasize that the results of this study maybe limited by certain factors and therefore should be carefully addressed in future studies. One factor that should be considered is the limited number of muscle biopsy samples. We cannot ascertain whether the observed myogenic responses, particularly the expression of MRFs, were indeed as observed from the study throughout the experimental period. It is possible that a transient response had occurred but was missed due to the limited number of tissue samples. This possibility can be addressed in future studies by increasing the number of muscle biopsy samples. Furthermore, one may question whether the biopsy samples taken at day 3 and day 7 represent acute, residual, or acute-residual mRNA changes. From the design of the present study, it is diYcult to answer the latter question because the acute mRNA changes were not taken into account. Future studies may address this concern, ideally by analyzing concomitantly the myogenic responses in a repeated and a single bout group (at similar time points) to clarify the diVerences between acute (single bout group) and acute-residual (repeated bout group) mRNA changes.
We conclude that repeated bouts of EE dramatically decreased Myostatin mRNA expression but impaired the expression patterns of MRFs such that, with the exception of myogenin that showed a moderate non-sustained increase, MyoD and MYf5 response was minimal. Lastly, it should be noted that any conclusion made as a result of the Wndings of the present study is based on mRNA alterations. Whether protein alterations have indeed occurred remains to be elucidated.
